Schiller KR, Maniak PJ, O'Grady SM. Cystic fibrosis transmembrane conductance regulator is involved in airway epithelial wound repair. Am J Physiol Cell Physiol 299: C912-C921, 2010. First published August 4, 2010; doi:10.1152/ajpcell.00215.2010.-The role of cystic fibrosis (CF) transmembrane conductance regulator (CFTR) in airway epithelial wound repair was investigated using normal human bronchial epithelial (NHBE) cells and a human airway epithelial cell line (Calu-3) of serous gland origin. Measurements of wound repair were performed using continuous impedance sensing to determine the time course for wound closure. Control experiments showed that the increase in impedance corresponding to cell migration into the wound was blocked by treatment with the actin polymerization inhibitor, cytochalasin D. Time lapse imaging revealed that NHBE and Calu-3 cell wound closure was dependent on cell migration, and that movement occurred as a collective sheet of cells. Selective inhibition of CFTR activity with CFTR inh-172 or short hairpin RNA silencing of CFTR expression produced a significant delay in wound repair. The CF cell line UNCCF1T also exhibited significantly slower migration than comparable normal airway epithelial cells. Inhibition of CFTR-dependent anion transport by treatment with CFTR inh-172 slowed wound closure to the same extent as silencing CFTR protein expression, indicating that ion transport by CFTR plays a critical role in migration. Moreover, morphologic analysis of migrating cells revealed that CFTR inhibition or silencing significantly reduced lamellipodia protrusion. These findings support the conclusion that CFTR participates in airway epithelial wound repair by a mechanism involving anion transport that is coupled to the regulation of lamellipodia protrusion at the leading edge of the cell. wound healing; cell migration; lamellipodia THE AIRWAY EPITHELIUM PROVIDES an important defense against infection by inhaled pathogens and noxious agents (46) . The epithelium removes inhaled particles by mucociliary clearance and serves as a protective barrier through the formation of intercellular junctions (26, 46) . Cystic fibrosis (CF) is a fatal genetic disease resulting from mutations in the gene that encodes the cystic fibrosis transmembrane conductance regulator (CFTR), an anion channel that participates in electrolyte and fluid transport in airways and other epithelia (2, 5, 9, 17, 49) . In the airways, these mutations reduce fluid secretion, resulting in viscous mucus accumulation, impaired mucociliary clearance, and microorganism colonization of the lung (17, 31, 40) . The ensuing chronic and recurrent inflammatory responses to colonization lead to cycles of epithelial damage and wound repair (4, 39, 53) . Recently, a humanized xenograft mouse model of CF was used to demonstrate that airway epithelial regeneration is impaired in bronchial epithelial cells even in the absence of airway infection (19) , suggesting that CFTR plays a role in airway regeneration.
Previous investigations have shown that the process of epithelial wound repair is initiated by migration of cells at the leading edge of the wound (10, 38) . At this site, cells adopt a polarized migration phenotype and cycle through extensions of actin-based membrane protrusions called lamellipodia, and retractions of the cell's trailing edge (25, 27 ) until wound closure is complete (51) . In bronchi, cell proliferation is then essential to reestablish a pseudostratified epithelium, which is composed of basal, ciliated, and mucus-secreting (goblet) epithelial cells (6, 21, 35) . Among these cell types, both basal and secretory epithelial cells have proliferative capacity (18, 53) , and a stem cell population has been identified in airway submucosal glands (28) . Other progenitor-like cell types are important for renewal of the distal airways including Clara cell protein 10 (CC10)-positive Clara cells and surfactant protein A (SP-A)-expressing type II pneumocytes in the bronchioles and alveoli, respectively (23, 50) . In the bronchi, basal cells are thought to be the major progenitor cell population for restoration of the epithelium following injury (26) . These cells are capable of reconstituting a pseudostratified mucociliary epithelium in air-liquid interface cultures and xenografts (18) . Additionally, CF airway epithelia were shown to have a higher index of proliferating cells compared with healthy epithelia, and these proliferative cells expressed the basal cell markers cytokeratin 5 and 14, and the proliferative marker epidermal growth factor receptor (EGFR) (53) . Basal cells therefore are an important cell population for epithelial renewal and repair in diseases such as CF. Submucosal gland epithelial cells are also relevant in CF since the disease is characterized by severe airway submucosal gland hypertrophy and hyperplasia (14) . Airway submucosal glands are thought to provide the molecular signals required to maintain and mobilize progenitor cells during airway turnover and in response to injury (28) . Characterizing the role of basal and submucosal gland epithelial cells in airway wound repair is necessary for understanding the airway remodeling that occurs in CF and other chronic inflammatory diseases of the airways.
In this study, the contribution of CFTR to airway epithelial wound closure was investigated. Normal human bronchial epithelial (NHBE) cells expressing basal cell markers, and an airway epithelial cell line (Calu-3) of serous gland origin were used for these experiments. Additionally, an immortalized human bronchial epithelial cell line isolated from a CF patient (homozygous ⌬F508), UNCCF1T (16), was also used. Continuous impedance sensing (CIS) combined with phase-contrast imaging was employed to measure the time required for complete wound closure. To establish whether CFTR plays a role in wound closure, selective pharmacological inhibition of channel activity was assessed, as was silencing CFTR protein expression, and the wound closure rate of CF cells was compared with normal airway epithelial cells. Additionally, the effect of CFTR inhibition and silencing on lamellipodia protrusion was analyzed by fluorescent imaging of cells during wound repair. The results demonstrated that inhibition of CFTR transport activity produced significant delays in wound closure that correlated with a reduction in lamellipodia surface area.
METHODS

Materials
Calu-3 cell culture media, fetal bovine serum (FBS), penicillinstreptomycin, nonessential amino acids, trypsin, and phosphate-buffered saline (PBS) were purchased from GIBCO (Invitrogen, Carlsbad, CA). Bronchial epithelial cell growth medium (BEGM) was purchased from Lonza (Allendale, NJ). Trypan blue, EIPA, and cytochalasin D were purchased from Sigma Aldrich (St. Louis, MO). CFTR inh-172 was provided by Dr. Robert Bridges (Department of Physiology and Biophysics, Rosalind Franklin University, North Chicago, IL). Purecol bovine collagen solution was purchased from Advanced Biomatrix (San Diego, CA). Superscript II reverse transcriptase, Texas-Red phalloidin, DAPI, and SlowFade Gold antifade reagent were purchased from Invitrogen. SYBR green master mix for quantitative real-time PCR (qRT-PCR) was purchased from Stratagene (La Jolla, CA). Turbo DNA-free kits for DNase treatment of RNA were purchased from Ambion (Austin, TX). Tris·HCl gels for Western blots were purchased from Bio-Rad (Hercules, CA). Polyvinylidene difluoride (PVDF) membranes and anti-CFTR antibody were purchased from Millipore (Billerica, MA). All secondary antibodies and anti-␤-tubulin antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The Western blot protein marker was purchased from New England Biolabs (Ipswich, MA). Enhanced chemiluminescence (ECL) detection reagent was purchased from GE Healthcare (Buckinghamshire, UK). Paraformaldehyde (16%) was purchased from Electron Microscopy Sciences (Hatfield, PA).
Cell Culture
The human lung adenocarcinoma cell line, Calu-3, was maintained in MEM media supplemented with 10% FBS, 1% nonessential amino acids, and 1% penicillin-streptomycin. Normal human bronchial epithelial cells (NHBE) purchased from Lonza (Allendale, NJ) were passage extended by transfection with the catalytic subunit of human telomerase as previously described (32, 33) . NHBE cells were maintained in complete bronchial epithelial growth media (bronchial epithelial basal medium ϩ BEGM Bullet Kit). UNCCF1T cells were provided by Dr. Scott Randell (University of North Carolina, Chapel Hill) and were maintained in complete bronchial epithelial growth media. All cell lines were maintained in a humidified 5% CO 2 incubator at 37°C.
CFTR shRNA Silencing
CFTR was silenced in Calu-3 cells using the Sleeping Beauty transposon vectors pT2/si-PuroV2 for short hairpin RNA (shRNA) expression as previously described (32, 33) . Positive transfectancts were selected using puromycin (4 g/ml). As a control, an altered shRNA (ALTR) that lacked target specificity was expressed in Calu-3 cells.
Measurement of CFTR Expression Levels
Silencing of CFTR was verified in CFTR-specific shRNA (shCFTR) vs. ALTR and wild-type Calu-3 cells by measuring CFTR mRNA levels by qRT-PCR. The expression of airway epithelial cell markers was also determined by qRT-PCR. Total RNA was extracted using cell lysis buffer RLT (Qiagen), followed by mRNA enrichment using the RNeasy Mini kit (Qiagen). Messenger RNA was then subjected to DNase treatment followed by reverse transcription (RT) reactions to generate complementary DNA (cDNA) using 0.5 g DNase-treated mRNA. RT reactions were performed according to the manufacturer's protocol. Quantitative PCR reactions contained 1 l of the RT reaction, 12.5 l 2ϫ SYBR green master mix, 0.375 l passive reference dye (1:500), and 0.325 l water in a 25-l reaction. Reactions were run on a Mx3005P real-time PCR machine (Stratagene), with the following thermal profile: single thermal cycle of 10 min at 95°C; 45 cycles of 95°C for 30 s, 60°C for 45 s, 68°C for 1 min, and a final cycle to generate the dissociation curve of 95°C for 1 min followed by 30 s at 59°C and 30 s at 95°C.
The level of CFTR expression was calculated from fold change measured by qRT-PCR using the equation: fold change ϭ 2 Ϫ⌬⌬CT and represents separate qRT-PCR reactions from two separate cell isolations. The average expression levels of the airway epithelial markers were determined by averaging C T values of qRT-PCR reactions of two unique primer sets using cDNA originating from a single 100-mm plate each of Calu-3 and NHBE cells. Primers are shown in Table 1 .
Measurement of CFTR Function
Transepithelial resistance of Calu-3 cell monolayers was measured using an EVOM epithelial voltohmmeter coupled to Ag/AgCl "chopstick" electrodes [World Precision Instruments, (WPI) New Haven, CT]. Measurements of CFTR activity were performed using monolayers (ϳ1,000 ⍀·cm 2 ) mounted in Ussing chambers and bathed on both sides with standard saline solution containing (in mM) 130 NaCl, 6 KCl, 1.5 CaCl 2, 1 MgCl2, 20 NaHCO3, 0.3 NaH2PO4, and 1.3 Na2HPO4, pH 7.4, maintained at 37°C and bubbled with 95% O2-5% CO2. CFTR was activated using 2.5 M 8-cpt-cAMP. Data were digitized, stored, and analyzed using Axoscope software (Axon Instruments).
Cell Migration
Electric cell substrate impedance sensing (ECIS) was used to measure airway epithelial cell migration. Epithelial cells were grown on 8W1E ECIS arrays (Applied Biophysics) in growth media with serum until fully confluent, after which the media were replaced with serum-free media for 48 h. To induce wound repair, a uniform circular lesion (250 m) was produced by lethal electroporation (6 V, 30 kHz, 60 s) of cells in contact with the electrode. Cells were then washed with PBS using a 23-gauge needle to dislodge any remaining electro- Table 1 
. Primers used for qRT-PCR: sequences of human primer sets used for qRT-PCR in Calu-3, NHBE, and UNCCF1T cells
qRT-PCR, quantitative RT-PCR; NHBE, normal human bronchial epithelial; EGFR, epidermal growth factor receptor. porated cells from the electrode, and the treatment media were added. Alternating current (ϳ1 A, 15 kHz) was then continuously applied to the electrode to measure impedance (Z) and track wound repair over a period of 24 h. The time required for complete wound closure was determined from the impedance time courses. At wound closure the impedance plateaus, and the time at which this plateau occurred in each well of ECIS arrays under each treatment condition was reported as the time to wound closure. Experiments were performed in serumfree, HCO 3 Ϫ -buffered media in a humidified 5% CO2 incubator at 37°C.
Time Lapse Video Imaging of Wound Closure
Calu-3 cells were grown on an ECIS array to confluence, serum starved for 48 h, wounded by electroporation, washed with PBS to remove electroporated cells, and mounted into the stage incubator. The stage incubator was temperature (37°C) and humidity controlled, and gassed with 95% O 2-5% CO2. Brightfield phase-contrast images of closing wounds were captured with a ϫ20 objective once every minute until wound closure was complete, using a Nikon Diaphot inverted microscope equipped with a Diagnostic Instruments digital camera. Images were collected and composed into a time lapse image series using Spot Advanced software (version 4.6).
Fluorescent Microscopy
Producing wounds in epithelial cells on chamber slides. Calu-3 cells were cultured on glass chamber slides coated with Purecol bovine collagen solution (3 mg/ml) diluted 1:75 in sterile water. NHBE cells were plated directly onto glass chamber slides. Epithelial cells were maintained on chamber slides in standard growth media until confluent, then changed to serum-free conditions for 48 h. Circular wounds were produced by pressing the ϳ300 m blunt end of a surgical microforceps against the glass surface. Approximately 10 wounds were made in each well in this manner. Cells were washed with PBS, and treatment media were added for 45 min or 1 h. Cells were then fixed with 3.7% paraformaldehyde.
Visualization of lamellipodia. Fixed cells were blocked with 1% bovine serum albumin for 20 min then stained with Texas-Red phalloidin (5 U/ml) at room temperature for 20 min. Cells used for confocal microscopy were additionally stained with DAPI (300 nM) for 2 min. SlowFade antifade reagent (2 drops/chamber) was added to stained chamber slides before imaging. Images were taken of cells at wound leading edges at ϫ40 (1,024 ϫ 1,024 pixel area) using either a Nikon C1si laser-scanning confocal microscope, and compiled into Z stacks using C1si software (Nikon), or a Nikon Diaphot inverted microscope equipped with a Diagnostic Instruments monochrome digital camera. The area (in pixels) of each lamellipodium per cell was measured using ImageJ software (National Institutes of Health, Bethesda, MD), and the average lamellipodium area/cell in each captured image was used for statistical analysis.
Cell Viability
The viability of CFTR inh-172 and cytochalasin D-treated cells was determined by Trypan blue exclusion. Each well of cells was individually trypsinized from ECIS arrays, pelleted, and resuspended in 500 l PBS, and 100 l of 0.4% Trypan blue solution was added. Suspended cells were incubated with Trypan blue at room temperature for 5 min, and the number of live (Trypan blue excluding) and dead (blue) cells was counted using a hemocytometer.
Cell Proliferation
The number of proliferating cells was compared under conditions of serum depravation (48 h) compared with growth media in Calu-3 and NHBE cells, and between ALTR Calu-3 cells and shCFTR Calu-3 cells. Cell cycle arrest was induced in controls by treatment with hydroxyurea (500 M) for 24 h in serum-free media. Cells were incubated with bromodeoxyuridine (BrdU) during the final 6 h of treatment and the number of proliferating cells was determined using the BrdU Cell Proliferation assay (EMD Biosciences; La Jolla, CA) according to the manufacturer's protocol.
Analysis of CFTR Protein Expression
Expression of CFTR protein in wild-type, ALTR, and shCFTRexpressing Calu-3 cells was analyzed by Western blot. Isolated protein cell lysate (80 g) was loaded in a 7.5% Tris·HCl gel. The protein was transferred to an Immobilon PVDF membrane, blocked with 3% milk in Tris-buffered saline (TBS) for 1 h at room temperature, then incubated overnight at 4°C with monoclonal CFTR antibody 1:377 (clone M3A7). The membrane was then incubated for 1 h at room temperature with goat anti-mouse IgG-horseradish peroxidase (HRP) 1:3,000, followed by incubation for 1 min with ECL Western blot detection reagent. The blot was then used to expose X-ray film. The blot was then stripped for 40 min with buffer containing 25 mM glycine, pH 2.0, and 1% SDS and reblocked with 5% milk in TBS with Tween (0.05%) for 1 h at room temperature, followed by incubation with rabbit polyclonal ␤-tubulin antibody 1:1,000 overnight at 4°C. The blot was incubated with secondary antibody, goat anti-rabbit IgG HRP 1:3,000 at room temperature for 1 h, then incubated with ECL Western blot detection reagent as above and used to expose X-ray film. Protein marker used was ColorPlus prestained broad range (7-175 kDa), 10 l/lane.
Statistical Analysis
Statistical significance was determined for different mean values by two-tailed unpaired t-tests (when single comparisons were made) or one-way ANOVA followed by Bonferroni post tests for multiple comparisons between treatments. Welch's correction was applied to t-tests when comparisons were made between two data sets with significantly different variances. Significance was accepted for all P Ͻ 0.05. A minimum of three independent experiments were performed, with a total number of replicates of six or greater per treatment condition for each experiment. All bar graphs display standard errors of the mean, and significance is indicated in figures with asterisks.
RESULTS
Inhibition of CFTR Reduces the Rate of Airway Epithelial Cell Wound Closure
Airway epithelial wound closure was measured by CIS following wounding by electroporation. During wound repair, airway epithelial cells were visualized on the array to correlate the degree of wound closure with the change in impedance (Fig. 1A) . The wound closure rate for Calu-3 cells was measured in response to treatment with EGF, which has previously been shown to enhance cell migration (25) (Fig. 1B) . Following wounding, Calu-3 cells accomplished complete wound closure within 4 h (Fig. 1, A and B) . Treatment with the actin polymerization inhibitor cytochalasin D (25 M) abolished Calu-3 cell wound repair (Fig. 1B) . Calu-3 cells treated with cytochalasin D were 81.8 Ϯ 3.3% viable for the full 24 h of treatment, indicating that inhibition of wound repair was not due to cell death. Calu-3 cell suspensions were also treated with ␤ 1 -integrin blocking antibody (5 g/ml), which inhibited adhesion. No significant change in impedance was measured by CIS in Calu-3 cells treated with this antibody during adhesion (Fig. 1C) , demonstrating that changes in impedance require an adhesive interaction between cells and the extracellular matrix (ECM) present on the electrode surface.
Wound closure was measured under serum-free conditions, although only a small reduction (Ͻ20%) of NHBE cell prolif-eration was measured under these conditions compared with growth media. Calu-3 cell proliferation was not significantly reduced under serum-free conditions, in contrast to treatment with the cell cycle inhibitor hydroxyurea, which produced a Ͼ40% reduction of NHBE cell proliferation and Ͼ60% reduction of Calu-3 cell proliferation. However, the time required for wound closure is much shorter than reported doubling times of human bronchial epithelial cells (50) , indicating that cell migration rather than proliferation is the major component of wound repair under these experimental conditions.
To clarify the mechanism of wound closure, time lapse video imaging was performed during wound closure on ECIS arrays under control conditions (serum-free media ϩ 1 g/ml EGF). Calu-3 cells, propelled by protrusions of their lamellipodia, could be clearly seen to move from the periphery of the wound into the wounded space (Supplemental Fig. S1 ; Supplemental Material is available online at the Journal website). Cell division was not observed during wound closure. Interestingly, migrating cells moved together collectively, without opening visible spaces between cells or detaching visibly from each other. Lamellipodia were also clearly visible protruding from the leading edge cells throughout the wound closure process (Fig. 2 and Fig. S1 ). Nearly all the cells in the captured image region (ϳ150% larger than wound area) participated in migration and could be seen moving together to facilitate wound closure (Fig. S1) .
The role of CFTR in airway epithelial cell wound closure was then assessed by CIS using the selective CFTR inhibitor, CFTR inh -172 (Fig. 3) . NHBE cells were found to be more sensitive to the CFTR inh -172 vehicle, DMSO, and so a lower concentration was used for these cells than for the Calu-3 cells. Inhibition of CFTR channel activity with CFTR inh -172 following wounding delayed wound closure of both Calu-3 and NHBE cells (Fig. 3 , A-C). Time to wound closure increased significantly for CFTR inh -172 (30 M)-treated Calu-3 cells by 6.2 h, and for CFTR inh -172 (20 M)-treated NHBE cells by 10.0 h (Fig. 3, B and C) . The effect of CFTR inhibition on wound closure was also verified visually by imaging electrodes over time following wounding. Very little wound closure had occurred during treatment with CFTR inh -172 for either NHBE (data not shown) or Calu-3 cells (Fig. 3A) at the time point at which wound closure was complete in control-treated cells. Assessment of NHBE and Calu-3 cell viability with CFTR inh -172 treatment revealed no significant change compared with control (DMSO vehicle) after 24 h (% viable cells: Calu-3: control 99.4 Ϯ 0.6% vs. CFTR inh -172 96.2 Ϯ 1.7%; NHBE: control 94.0 Ϯ 2.5 vs. CFTR inh -172 92.0 Ϯ 2.3%). Therefore, the effect of CFTR inhibition on wound closure was not due to nonspecific toxic effects. Rather, these data indicate that CFTR channel activity plays a role in the process of wound healing in airway epithelial cells.
To further characterize the role of CFTR in wound repair, CFTR was silenced in Calu-3 cells by constitutive expression of CFTR-specific shRNA (shCFTR). Quantitative RT-PCR revealed that CFTR transcript levels were decreased by Ͼ99% in Calu-3 cells expressing CFTR-specific shRNA (Fig. 4A) . Expression of a control shRNA that lacked target specificity, shALTR (ALTR), did not significantly affect CFTR transcript levels compared with wild-type Calu-3 cells (Fig. 4A) . CFTR protein expression was not detectable by Western blot in shCFTR-expressing Calu-3 cells, whereas abundant CFTR protein was found in ALTR-expressing and wild-type cells (Fig. 4B ). Short circuit current (I sc ) measurements of Calu-3 cell monolayers expressing CFTR-specific shRNA revealed a Ͼ97% decrease in 8-cpt-cAMP-stimulated I sc compared with wild-type and ALTR-expressing Calu-3 cells (Fig. 4C ). This result indicated that very little functional CFTR was present following expression of CFTR-specific shRNA.
Loss of CFTR expression in Calu-3 cells delayed wound closure by 9.7 h compared with wild-type and ALTR-expressing controls (Fig. 5, A and B) , equivalent to the effect on wound closure measured with inhibition of CFTR activity with CFTR inh -172. The magnitude of the delay of wound closure was not significantly different in Calu-3 cells whether CFTR was silenced by shRNA expression, or CFTR activity was inhibited by treatment with CFTR inh -172 (Fig. 5B) . Moreover, treatment of CFTR-silenced Calu-3 cells with CFTR inh -172 did not further reduce the rate of wound closure (Fig. 5B) , indicating that the compound was selective for CFTR at the concentration used. Finally, the relative number of proliferating shCFTR-expressing Calu-3 cells was not reduced compared with ALTR-expressing cells, but rather was significantly higher by 1.3-fold, indicating that a difference in cell proliferation was not the basis for the delay of wound closure.
Migration Rate of CF Airway Epithelial Cells
To test whether expression of the ⌬F508 CFTR mutation slowed airway epithelial cell migration, the migration rate of a human CF patient-derived bronchial epithelial cell line (UNCCF1T) was measured by CIS. These cells were isolated from the lungs of homozygous ⌬F508 CFTR CF patients at the time of lung transplant and immortalized by expression of Bmi-1 and human telomerase reverse transcriptase (hTERT) (16) . The migration rate of UNCCF1T cells was compared with hTERTexpressing NHBE cells. Although these cells have been immortalized with different vectors and exhibited different steady-state impedances, the mRNA expression of two basal cell type markers, cytokeratin 5 and tetraspanin CD151, as well as the proliferative cell marker epidermal growth factor receptor (EGFR) was similar (Fig. S2, A-C) , and the media conditions were identical between the two cell lines. A comparison of the migration rate of UNCCF1T to NHBE cells revealed a 1.7-fold slower migration of UNCCF1T cells, and an increase in time required for wound closure of 2.9 Ϯ 0.6 h (Fig. 5C ).
These data suggest that expression of ⌬F508 CFTR slows migration.
Inhibition of CFTR Reduces Lamellipodia Protrusion
To assess the possibility that inhibition of CFTR affects airway epithelial cell migration, lamellipodia area protruding at the leading edge of wounds was measured. Confluent NHBE and Calu-3 cells were wounded and then treated with control media or CFTR inh -172 as described for the CIS migration experiments. Maximum lamellipodia protrusion was observed and measured 1 h after wounding Calu-3 cells, and 45 min after wounding NHBE cells under control treatment conditions (Fig. 6 and Fig. S3 ). The area of the lamellipodia was reduced by 2.5-and 2.6-fold when CFTR was inhibited in Calu-3 (Fig. 6, C and F) or NHBE cells, respectively (Fig. 6, D-F) . The area of lamellipodia of CFTRsilenced Calu-3 cells was also reduced by 2.2-fold compared with ALTR control Calu-3 cells (Fig. 6, A, B, and F) . These data indicate that inhibition of CFTR activity reduces lamellipodia protrusion in Calu-3 and NHBE airway epithelial cells during wound closure.
DISCUSSION
In this study, the role of CFTR in airway epithelial cell migration was assessed by measuring changes in wound closure rates following pharmacologic inhibition of CFTR anion transport, silencing of CFTR protein expression, and in cells expressing ⌬F508 CFTR. The effect of CFTR inhibition and silencing on lamellipodia protrusion was also measured to determine whether anion transport by CFTR contributes to the protrusion of this structure in migrating cells.
Abundant expression of the basal cell markers CD151 and cytokeratin 5 in NHBE and UNCCF1T cells suggests that these cells exhibit basal cell-like properties. Expression of the proliferative cell marker EGFR in NHBE and UNCCF1T cells is consistent with this phenotype. CFTR expression in NHBE and Calu-3 cells was found to be similar to native airway epithelia where the level of expression in surface cells is typically lower than in submucosal gland epithelial cells (11, 52) . Calu-3 cells are derived from airway submucosal glands (45) , whereas NHBE cells are nonglandular bronchial epithelial cells. Thus, differences in CFTR expression between these cells presumably reflect their origin. The abundant CFTR expression in Calu-3 cells has made them a well-characterized model cell for the study of CFTR function (20) . Additionally, our observation that NHBE cells express basal cell markers suggests that they represent a useful in vitro model cell system for investigating the role of CFTR in bronchial epithelial wound repair.
In this study, a novel approach (CIS) was used to quantify both the magnitude and the time course of epithelial restitution by measuring increases in impedance due to wound closure. Our previous studies using this approach with eosinophils (3) and with airway epithelial cells showed that the increase in impedance results from specific integrin-mediated interactions between cells and the ECM attached to the electrode. Our studies demonstrated that treatment with ␤-integrin-blocking antibodies that prevent adhesion also abolishes impedance. Imaging cells during wound closure confirmed that impedance increased as cells closed wounds over the electrode surface, and that complete wound closure coincided with the plateau in impedance.
Previous studies of migration of epithelial monolayers revealed that cell-cell contacts are maintained and that cells migrate as a collective unit to close wounds (13, 25, 54) . Video imaging of Calu-3 cells confirmed this in airway epithelial cells. Video imaging of Calu-3 monolayers also revealed that wound closure is a collective process involving many more cells than those immediately surrounding the wound.
CIS experiments demonstrated that the rate of human airway epithelial cell wound closure was reduced when CFTR was inhibited or silenced. The magnitude of this delay was not significantly different whether CFTR was blocked by CFTR inh -172 or silenced by constitutive expression of shRNA. Although CFTR was not specifically activated in these experiments by addition of agonists that stimulate adenylyl cyclase, previous studies have shown that basal release of prostaglandins (e.g., PGE 2 ) increases cAMP in these cells. This was confirmed in Ussing chamber experiments showing that basal CFTR-dependent anion currents were blocked by treatment with the cyclooxygenase inhibitor indomethacin (33) . Therefore it is likely that basal CFTR activity in these cells was dependent on autocrine mediators that would include prostaglandins and perhaps purinoceptor agonists such as ATP and adenosine.
Additionally, the migration rate of the CF cell line UNCCF1T was found to be significantly slower than the comparable normal airway epithelial cell line NHBE. This suggested that expression of ⌬F508 CFTR slows cell migration of airway epithelial cells. These findings support the conclusion that the role of CFTR in wound repair was dependent on its transport activity, rather than other functions of the CFTR protein. CFTR transports both Cl Ϫ and HCO 3 Ϫ (34, 37) ; thus the data suggest that transport of one or both of these ions appears to underlie the mechanism by which CFTR contributes to wound repair.
Analysis of the time course for NHBE and Calu-3 cell wound repair measured by CIS revealed that full restitution occurred rapidly, with an average time of 4.5 h, much shorter than reported doubling times of bronchial epithelial cells of 50 -80 h (50) . Thus it is likely that proliferation was probably not a significant factor in wound closure since it occurs too slowly to account for the rapid wound closure observed in these experiments and because cell proliferation was not reduced in CFTR-silenced cells despite the delay in wound closure. Time lapse video of Calu-3 wound closure clearly demonstrated that wound closure occurs predominantly by migration. These data indicate that the role of CFTR in wound closure is associated with cell migration.
To investigate the contribution of CFTR to the process of migration, an assay was developed to assess morphometric changes in lamellipodia protrusion during wound repair. Lamellipodia are composed of actin filaments aligned in an array perpendicular to the cell membrane (27) . In this assay, migrating cells were labeled with phalloidin, a fluorescent actin stain that allowed for visualization and measurements of lamellipodia area. Our data showed that the lamellipodia area of migrating airway epithelial cells was significantly reduced when CFTR was silenced or its transport activity was inhibited. These data indicated that the onset of lamellipodia protrusion was delayed in the absence of CFTR activity. This result implicates CFTR in the process of lamellipodia protrusion during cell migration.
Ion transport by CFTR may have several roles in cell migration and lamellipodia protrusion. For example, activation of a Cl Ϫ conductance may be important for controlling cell volume at the trailing edge of migrating cells as a mechanism to facilitate retraction (41) . Several reports in multiple cell types (22, 43, 44) have shown that inhibition of certain K ϩ channel subtypes slows the rate of cell migration (42) . K ϩ channels participate in regulation of cell volume by providing a pathway for K ϩ exit at the rear of the cell, creating a driving force for water efflux (41, 42) . The importance of K ϩ channels in migration presumably necessitates Cl Ϫ channel activation as a means of sustaining K ϩ transport and to provide additional solute efflux to enhance the osmotic driving force. However, little is known about the identity of Cl Ϫ channels involved in the process. Thus, CFTR may potentially contribute to volume decrease that assists cell migration in this manner. However, the results of the present study indicate that CFTR is involved in lamellipodia protrusion; therefore CFTR may contribute to this process through a direct role in volume uptake. It is possible that lateral polarization required for cells to migrate also alters the membrane potential, and membrane depolariza- tion has been reported during wound healing of corneal epithelial cells (8) . Depolarization of the cell may be sufficient to promote Cl Ϫ uptake through CFTR to produce swelling required for lamellipodia protrusion (24) .
Another possible role for CFTR could involve regulation of intracellular pH where HCO 3 Ϫ transport out of the cell may be necessary to sustain activity of the Na ϩ /H ϩ exchanger (NHE1). NHE1 is an important regulator of cell migration in many cell types (1, 7, 36, 47) where it participates in establishing migratory polarity (12) and promoting lamellipodia protrusion (15, 30) . NHE1 activity is strongly activated by intracellular acidification (36) so that efflux of HCO 3 Ϫ by CFTR, either directly or in cooperation with Cl Ϫ /HCO 3 Ϫ exchangers, may sustain NHE1 activity during migration by limiting intracellular alkalinization. This could facilitate lamellipodia protrusion and may be one mechanism to explain the delayed protrusion and reduced lamellipodia area observed following inhibition or silencing of CFTR.
CFTR may also influence cell migration by affecting cell adhesion. Migrating cells must be able to exert traction by adhesion of lamellipodia at the leading edge of the cell, while at the same time the cell body must detach from the ECM so that movement can occur (29) . Thus, tight regulation of adhesion assembly and disassembly makes cell migration possible (38) . Extracellular pH (pH e ) appears central to regulation of cell adhesion during migration (48) . Alkaline pH e promotes decreased adhesion, while acidic pH e promotes the formation of strong adhesions (47) . Some migrating cells produce a pH gradient that is acidic at the leading edge of lamellipodia, favoring adhesion, and alkaline at the rear of the cell, promoting release and retraction (48) . CFTR may affect this process by mediating HCO 3 Ϫ efflux and regulating buffering capacity at the membrane-ECM interface, either alone or through functional interactions with Cl Ϫ /HCO 3 Ϫ exchangers. Inhibition of CFTR activity may be relevant at the leading edge of the cell in that reduced buffering capacity could increase adherence, making lamellipodia protrusion along the surface of the ECM more difficult.
In conclusion, loss of CFTR activity either through pharmacologic inhibition or reduced protein expression impaired wound closure in human bronchial epithelial cells with basal cell characteristics and in Calu-3 cells. The data indicated that wound closure occurred predominantly by cell migration and that CFTR activity was necessary for sustaining a maximum rate of migration. The results also revealed that the loss of CFTR transport activity reduced lamellipodia area, demonstrating that CFTR transport is involved in lamellipodia protrusion and that this may explain the slower rate of migration when CFTR is inhibited. Ultimately, these findings suggest the possibility that in CF patients, loss of CFTR function slows the rate of wound closure, thus increasing chances for opportunistic infection resulting from diminished mucosal barrier function. Presently, the consequences of impaired migration on chronic airway inflammation in CF patients are uncertain, thus further studies are needed to evaluate potential contributions to CF lung disease. 
